first described the application of a gradient method with subsequent efforts to improve the accuracy of the gradient method (Maier and Schack-Kirchner, 2014; Sánchez-Cañete et al., 2017) . New sensors and measurement devices developed in recent years have enabled and stimulated the use of gradient-based methods in studies of continuous gas flux (Hirano et al., 2003; Tang et al., 2003; Turcu et al., 2005; Flechard et al., 2007; Vargas et al., 2010; Fan and Jones, 2014; Maier and Schack-Kirchner, 2014) . The gradient method uses Fick's first law to calculate soil CO 2 efflux, relying on both measurements of CO 2 concentration in the soil profile and on the determination of the associated relative gas diffusion coefficient (D P /D 0 ). It enables long-term monitoring of CO 2 output with substantial disturbance of natural CO 2 concentrations and can thus provide detailed information on subsurface CO 2 dynamics (Liang et al., 2004; Jassal et al., 2005; Tang et al., 2005; Yasuda et al., 2008; Arevalo et al., 2010; Maier et al., 2010; Xiao et al., 2015) .
The gas diffusion coefficient (D P ) is an important factor for estimating efflux when the gradient method is used. The relative gas diffusion coefficient (D P /D 0 ), defined as the ratio of the gas diffusion coefficient of the soil to that of free air, is generally used for gas efflux modeling in soil. The D P /D 0 parameter is generally a function of the volumetric soil water content (VWC) because gas diffuses through air-filled pores ?10,000 times faster than through water-filled pores. Fan and Jones (2014) indicated that D P /D 0 was very sensitive to the VWC and was most reliably calculated using a power function model in a Millville silt loam soil. Both a power function model and the Soil Air Phase Individual Resistances (SAPHIR) model (Thorbjørn et al., 2008) were similarly reliable in the laboratory using a Kidman fine sandy loam (coarse-loamy, mixed, superactive, mesic Calcic Haploxerolls; Fan and Jones, 2014) . Under most conditions, the CO 2 concentration gradient in the soil profile is a reasonable estimator of CO 2 flux when the D P /D 0 is estimated using measurements of the VWC and measured values of bulk density, yielding porosity (Fan and Jones, 2014) . The gradient method, however, would benefit from evaluation using a range of soil textures. We hypothesize that the gradient method can provide reasonable agreement with chamberbased estimates of CO 2 efflux by accounting for soil texture (Maier and Schack-Kirchner, 2014) . We therefore evaluated the gradientbased method in three different soil textures (loam, silty loam, and silty clay loam) to better understand the soil water dynamic effects on CO 2 efflux. We used the SAPHIR model for estimating gas diffusion coefficients in soils of different texture to determine and compare the SAPHIR model's soil-texture-dependent parameters.
Materials and Methods

Laboratory Soil Column Experiments
Columns 25 cm in diameter and 40 cm in height were uniformly packed with three types of soil at bulk densities representative of undisturbed conditions. Particle-size analysis by gravitational sedimentation showed that the three soil textures were substantially different (Table 1) . Soils were collected from a 0-to 20-cm layer in different field sites in the Shaanxi Province, China. The soils were air dried and sieved using a 2-mm mesh. Two CO 2 concentration sensors (GMM 220, Vaisala Corporation) and thermocouples were installed at depths of 5 and 15 cm. The GMM 222 sensor was used in the loam soil, and the GMM 221 sensor was used for other two soils based on the range of each sensor. Carbon dioxide-free N 2 gas, in addition to CO 2 gas concentrations of 10,000, 50,000, and 100,000 mmol mol −1 , were used to calibrate sensors, all of which reported an accuracy of ±1.5% of the range + 2% of the reading. Time-domain reflectometry (TDR) probes with 15-cm-long rods were horizontally installed at depths of 2. 5, 7.5, 12.5, 17.5, 22.5, 27 .5, and 32.5 cm for measuring volumetric water content. The TDR waveforms were generated using a Tektronix 1502C cable tester connected to an SDMX50 multiplexer (Campbell Scientific) and analyzed using the resident datalogger analysis software. An absolute air pressure sensor (SB-100, Apogee Instruments), thermocouple, and GMP343 CO 2 sensor (Vaisala Corporation) were positioned near the soil surface to measure the ambient air pressure, temperature, and CO 2 concentration, respectively. The Tektronix 1502C and other sensors were connected to a CR23X data logger (Campbell Scientific) for data retrieval and storage. All data mentioned above were collected in 10-min intervals and then averaged on an hourly basis. A LI-COR long-term CO 2 efflux chamber (LI-8100-104) was used to measure the surface CO 2 flux from the top of the soil column in 30-min intervals, which was then also averaged on an hourly basis (Fig. 1) .
The soil columns were installed in a controlled environment room with nearly constant air temperature. The soil in each column was saturated from the bottom upward to minimize air entrapment. A Mariotte reservoir was used to maintain a free-water surface reference at the top of the column at the beginning of each experiment. After saturation, the soil column was allowed to drain, with a lower boundary condition described as a seepage face. All measurements started after the column had drained for 24 h. The three columns, each with different texture, were tested one after the other using continuous measurements for 68 d. The timing and amount of water applied to the three soils depended on the surface dryness. Soil water content was not used as a deciding factor for irrigation; rather, cracks observed at the soil surface were triggers for irrigation because of their effects on gas diffusion. Therefore, water was applied when the soil surface cracked. During irrigation, water buildup on the 
Calculation of Soil Carbon Dioxide Efflux
Gas concentrations collected from CO 2 sensors were expressed on a volume fraction basis (mmol mol −1 ), which may also be expressed on a molar concentration basis (mmol m −3 ). The flux of CO 2 (F, mmol m −2 s −1 ) from the soil surface was calculated using Fick's first law:
where D P is the CO 2 -diffusion coefficient of the soil (m 2 s −1 ) and C is the CO 2 concentration (mmol m −3 ) at soil depth z (m). Different soil depths were selected to calculate the gas concentration (Maier and Schack-Kirchner, 2014; Sánchez-Cañete et al., 2017) . We used Fick's first law to determine soil CO 2 efflux based on the ambient and measured CO 2 concentrations at 5 cm. The CO 2 gradient from the soil surface to the 5-cm depth was assumed to be linear (Tang et al., 2003) . The SAPHIR model was selected to calculate D P (Thorbjørn et al., 2008) :
where D 0 (m 2 s −1 ) is the diffusivity of CO 2 in free air, e is the soil air content of the soil (cm 3 cm −3 ), q (cm 3 cm −3 ) is the average VWC for the soil layer, p is a particle shape factor that varies between 0 and 1, and w is a water blockage factor that varies between 1 and 7. The horizontal TDR sensor buried at the 2.5-cm depth was used to measure q, which was assumed to represent the average VWC in the 0-to 5-cm soil layer. Two approaches were used to determine p and w, where the first approach optimized values of p and w by fitting Eq.
[2] to measured D P /D 0 data as a function of soil air content (e) using the solver function in Excel. Details of the method are described in the section below. The second approach optimized p and w in Eq.
[2] as part of the gradient-based efflux calculation, which sought to minimize the difference between the chamberbased efflux results (Sánchez-Cañete et al., 2017) . The total soil porosity may be written in terms of bulk density or using e and q as where r b is the bulk density (g cm −3 ), and r m is the density of the solid particles within the soil (assumed to be 2.65 g cm −3 ). The effects of temperature and pressure on D 0 can be corrected using
where T is the temperature (K), P is the air pressure (Pa), and D s is a reference value of D 0 at T 0 (293.15 K) and P 0 (1.013 ´ 10 5 Pa); for CO 2 , D s = 1.47 ´ 10 −5 m 2 s −1 (Jones, 1992) .
Gas Diffusion Coefficient Determination
Unsaturated soil gas diffusion coefficients were determined using the Currie (1960) single-chamber method with O 2 concentration measurements (Rolston and Moldrup, 2002) . Three replicates of 100-cm 3 sample cores were packed for each of the three soil textures to densities shown in Table 1 . After samples were initially saturated, the VWC was reduced to final values corresponding to a specified matric potential using a pressure plate extractor. Oxygen was used as the experimental gas, and O 2 -free N 2 gas was used to flush the gas diffusion chamber (Currie, 1960) . The diffusion coefficient determination occurred as O 2 from the atmosphere diffused through the unsaturated soil into the chamber (100 cm 3 ), increasing the concentration of O 2 inside the N 2 -flushed chamber. An O 2 sensor (KE-25F3, Figaro) was used to record the rate of O 2 concentration rise within the chamber for 60 min. The D P value was calculated from the measurements of the O 2 concentration inside the diffusion chamber at regular time intervals. The D P can be derived from the slope of the plot of the natural logarithm of the relative concentration vs. time, which becomes linear for a sufficiently long time (Rolston and Moldrup, 2002) . Therefore, the SAPHIR model (Eq. [2]) could be used to model D P at any soil water content value.
Data Analysis
Soil water content was calculated as harmonious values at different timescales (Turcu et al., 2005) . Hourly CO 2 concentration and VWC data were compared among the three soils. The gradient method-based CO 2 efflux values were calculated on an hourly timescale and also averaged on a daily basis. The mean CO 2 efflux within a 24-h period using the LI-8100 soil chamber was compared with the calculated results from the gradient method. A linear regression analysis was applied to identify the relationship between the gradient method and the chamber measurements during the study period based on the daily estimates. The normalized mean square error (NMSE) was used to compare the gas effluxes calculated by the gradient method with chamber measured data:
where E i and M i are the calculated and measured values of CO 2 efflux, and n is the number of measurements in the data set.
Results and Discussion
Carbon Dioxide Soil Concentration Dynamics
Variations of soil CO 2 efflux were mainly influenced by soil moisture during the study periods. Soil VWC was considered as a major factor controlling CO 2 production and transport when soil temperature was stable. Variations in laboratory soil temperatures were less than ±1.5°C, indicating that the relative temperature stabilities, specifically soil column temperatures, were 24.36°C ( The distribution of VWC within the soil profile after drainage and redistribution was largely controlled by soil texture (Fig. 2) . Distinct variations of VWC in the three soils were observed in each of the three soil profiles, where the mean soil water content generally increased with increasing clay content. Quasi-static soil water content in the three columns varied with soil hydraulic properties (Table 1) , which theoretically caused differences in effective total and air-filled porosity values for gas diffusion. The application of small doses of water (?1-mm depth) at the surface primarily replenished VWC in the near surface. To avoid soil surface cracks from developing during drying, these shallow depths of water were applied as needed to the surface. Timing and amounts applied differed for each soil due to differences in infiltration rates and water-holding capacities, resulting in differences in the VWC of the three soil columns. For example, lower VWC in the loam soil was observed due to its coarser texture and commensurate reduction in water-holding capacity within a 40-cm-tall column. The redistribution and evaporation of the water varied considerably with soil texture, since particle size distribution dictates the pore size distribution responsible for retaining water. The loam soil exhibited significantly greater hydrodynamics within the soil profile than the finer textured soils. All three soils showed dynamic water content in the shallow soil (5-15 cm) as a result of evaporation and infiltration. The VWC of fine-textured soils remained relatively stable in the deeper soil profile because of the low potential evaporation and high bubbling pressure. The 68-d daily mean VWC of loam, silty loam, and silty clay loam at the 2.5-cm depth was 0.17 (0.08-0.25 cm 3 cm −3 ), 0.23 (0.15-0.34 cm 3 cm −3 ), and 0.26 cm 3 cm −3 (0.16-0.41 cm 3 cm −3 ).
The laboratory air temperatures were relatively stable, suggesting that the observed variation in the production and transport of CO 2 within the soil columns was primarily due to the periodic applications of water and the resulting changes in the CO 2 production rate coupled with the water content-dependent resistance to gas diffusion. The CO 2 concentrations in the loam, silty loam, and silty clay loam were as high as 5000, 50,000, and 100,000 mmol mol −1 , indicating the influence of soil texture and the accompanying water content profiles that directly influence gas diffusion rates and finally the microbial growth conditions that result within each soil profile. The water content profiles were driven by the soil water retention characteristics of each soil texture. At the beginning of the experiment, the CO 2 concentrations at the 5-cm depth were 1500, 3000, and 55,000 mmol mol −1 in the loam, silty loam, and silty clay loam, respectively. The CO 2 concentration at 15 cm was 21,900 mmol mol −1 in silty clay loam, but segments of CO 2 concentration data were missing in loam and silty loam at the beginning of the experiment because the soil gas concentration exceeded the calibrated sensor measurement range. Differences in CO 2 concentration were affected by soil organic matter content and soil water content. Meanwhile, soil nutrient and water contents were also influenced by soil texture in this study.
The CO 2 concentrations in the soil profiles spiked with each irrigation event due to reduced gas diffusivity in the surface and buildup of CO 2 below the surface wetted layer. The application of additional water reduced soil air content, critical for gas diffusion, thereby increasing CO 2 concentration and the resulting CO 2 concentration gradients (Fig. 3) . The variations of CO 2 concentration with increased VWC were consistent among soil textures, with higher CO 2 concentrations evolving in the deeper soil profile compared with the upper layers. The average CO 2 concentrations during the measurement periods at depths of 5 and 15 cm were 1356, 1498, 12, 756, 24, 436, 20, 540 , and 30,082 mmol mol −1 in the loam, silty loam, and silty clay loam, respectively. The ambient CO 2 concentration in the laboratory was stable, with a mean of 458 mmol mol −1 and variation between 424 and 585 mmol mol −1 during the three experimental periods.
The loam contained lower clay and silt contents than the other two soils and so had generally higher hydraulic conductivity, as well as lower water retention within the 40-cm profile. As a result, soil water quickly infiltrated to the bottom of the soil columns, which led to higher gas diffusion by comparison. This physical condition created lower CO 2 concentrations within the loam soil profile despite abrupt increases in CO 2 concentration immediately after water application (Fig. 3) . The silty loam and silty clay loam soils possessed higher clay and silt contents and exhibited lower rates of water infiltration. Both of these soils developed high CO 2 concentrations in the soil profile, especially at the beginning of their respective measurement periods (Fig. 3) . Long periods of drought generally decrease microbial activity, while increases in soil water content promoted the mineralization of nutrients increasing microbial activity and thus CO 2 production (Fig. 3) . Accumulated CO 2 in silty loam and silty clay loam soil profiles under high water contents after the initial water application were probably because of high organic matter content and nutrients. This is the probable scenario, given the gas concentration decrease as a result of organic matter decomposition and nutrient consumption with time. The peak of CO 2 concentrations at the 15-cm depth lagged the response at 5 cm in the three soils. Jassal et al. (2005) and Daly et al. (2008) indicated that incremental filling of soil pores with water increased subsurface CO 2 concentration in part because the CO 2 gas diffusion rate in the surface soil decreased. Surface wetting also slowed the CO 2 diffusion rate, resulting in a more rapid accumulation of CO 2 in the soil profile.
Determination of Soil Gas Diffusivity
The SAPHIR model was selected to fit the measured D P /D 0 data as a function of soil air content (e) by optimizing the model parameters described in Eq. [2] . Using the temporally measured O 2 concentration increase within the diffusion chambers, the SAPHIR model parameters were adjusted to best fit the model to measurements. The resulting values of D P as a function of soil air content show three distinctly different functions (Fig. 4) , where the diffusion coefficients are known to be influenced by VWC, total porosity/bulk density, and soil texture. Once the SAPHIR model parameters were obtained for the three soils using the relationship between D P /D 0 and e, the CO 2 effluxes were calculated using the diffusion coefficient and concentration gradient. The NMSEs of 0.107, 0.055, and 0.042 were obtained for the loam, silty loam, and silty clay loam, respectively (Table 2) . A further comparison of the efflux differences between gradient and chamber methods and generalized least squares were used to identify the optimal values of the parameters (p and w) in the SAPHIR model. The optimal values for p were 0.6, 0.95, and 0.95 and for w were 2.8, 3.7, and 3.2 for the loam, silty loam, and silty clay loam soils, respectively. These yielded NMSEs of 0.102, 0.017, and 0.040 for the loam, silty loam, and silty clay loam, respectively (Table 2) . Thorbjørn et al. (2008) also found that the SAPHIR model performed equally well or better than traditional models when p = 0.6 and w = 3 in coarse-textured soil. Gas diffusion simulated by the SAPHIR model can determine p based on the silt content of the soil, with a threshold content of 50% silt (Thorbjørn et al., 2008) . Our results indicate that p was associated with clay and silt contents in the three soils but was primarily affected by increasing silt content. The parameter w, however, should be estimated by optimal fitting between calculated and measured gas fluxes. In summary, two methods of fitting can be used: a power function can be fitted to the measured D P /D 0 data to obtain a soil-specific D P model, and the gradient and chamber effluxes can be compared to optimize the parameters. The latter method gave better results than the power function in this study. However, the NMSE was significantly reduced only in the silty loam soil. Furthermore, an in situ empirical CO 2 diffusion coefficient should be built by a combination of the gradient method and targeted manual or automatic chamber measurements, and the fitted coefficient used in place of the D P could improve the accuracy of the gradient method (Sánchez-Cañete et al., 2017) . Luther-Mosebach et al. (2018) also commented that measured diffusivities should be used instead of the modeled diffusivities, which our results confirmed.
Soil gas diffusivity values were distinctly influenced by irrigation events in the three soils. The loam soil exhibited higher average soil gas diffusivity values than the other two soil textures, even though more water was applied to loam during the experimental periods (Fig. 5) . We assumed that the TDR water content resolution was ?2% and applied this level of uncertainty in water content change as a measure of sensitivity for gas efflux. We modeled the associated level of efflux variation with changes in air-filled pore space based on this uncertainty. Looking at both an increase and a decrease in VWC, the computed average soil gas diffusivity decreased 22.3, 23.5, and 22.2% for loam, silty loam, and silty clay loam, respectively, when VWC was increased by 2%, but soil gas diffusivity increased 26.3, 28.2, and 26.6% when VWC decreased by 2% (Fig. 5) . These results highlight how the soil gas diffusivity can be substantially affected by the accuracy of the VWC determination.
Comparison of Carbon Dioxide Effluxes Using the Gradient and Surface Chamber Methods
Both the gradient and chamber methods have been used to estimate CO 2 efflux in different ecosystems (e.g., savannas; Tang et al., 2003) , greenhouses (Turcu et al., 2005) , forests (Liang et al., 2004) , and grasslands (Myklebust et al., 2008) . We used Fick's first law to determine soil CO 2 efflux based on the ambient and measured CO 2 concentrations at 5 cm. We did not use the concentrations at the 15-cm depth in this analysis, as the short-term p. 7 of 9 dynamics in CO 2 concentration were generally greater in the upper 5 cm of the soil (Fig. 3) . Good agreement between gradient-and chamber-based measurements of CO 2 emissions were found in silty loam and silty clay loam with R 2 of 0.87 and 0.70, but flux derived using the gradient method gave a relatively poor estimate of CO 2 efflux for the loam soil with R 2 of 0.38 (Fig. 6 ). This result in loam soil somewhat disagreed with our hypothesis suggesting the gradient-based method to be influenced by soil texture. The loam soil exhibited a lower soil CO 2 efflux level due to low CO 2 production with its low organic matter content, whereas the higher fluxes were largely triggered by water application, as evidenced by the chamber method results. The gradient method did not capture the abrupt increases in efflux after water application and underestimated CO 2 efflux after heavy water application (i.e., 48 mm on Day 11 and 44 mm on Day 62). Poorer efflux estimates were found during the first 15 d in the silty clay loam (Fig. 6 ), which may have arisen from heterogeneous gas production in the top layer of the soil profile (Maier and Schack-Kirchner, 2014) . The CO 2 efflux exhibited greater variation during the first 15 d than during Days 15 through 25 in the silty clay loam soil. Another period of high variability in efflux was observed during Days 15 through 25 in the silty loam soil. One of the reasons for gradient-based underestimation of efflux was attributed to processes other than gas diffusion, which contributed to CO 2 transport (Roland et al., 2015) . Our results also indicated that an optimal parameter in the SAPHIR model should be identified under different soil texture conditions.
Effect of Soil Texture on the Gradient Method
Total CO 2 production from soil increases with increasing soil organic matter content (Harrison-Kirk et al., 2013) , and CO 2 production becomes optimal when water, nutrients, and O 2 are not limiting respiration. In this study, the average CO 2 efflux values from the three soil columns were 0.49, 3.44, and 3.22 mmol m −2 s −1 in the loam, silty loam, and silty clay loam, respectively.
Soil texture variation appeared to influence CO 2 production and transport based on the efflux being significantly lower in the loam than the efflux emitted from the silty loam and silty clay loam soils. Chamber measurements show that daily effluxes from the loam soil were an order of magnitude lower than the two finer textured soils, regardless of VWC (Fig. 6) . The CO 2 efflux increased with water content when water was added and decreased rapidly as the water evaporated or was redistributed in the loam soil ( Fig. 6 and 7) . However, added water stimulated CO 2 production in the silty loam soil while reducing air-filled pores critical for gas diffusion. As a result, CO 2 concentration built up within the soil profile. Soil CO 2 efflux increased with increasing VWC but decreased after VWC reached peak values near soil satiation. As for silty clay loam, watering events substantially reduced CO 2 efflux ( Fig. 6 and 7 ). The loam soil had larger pores in general, low organic matter content, and higher water infiltration and Fig. 6 . Carbon dioxide efflux measured by the LI-8100 chamber and the gradient method (CO 2 measured at 0 and 5 cm). The gradient method was also used to express uncertainty in efflux estimates by calculating soil gas diffusivity (D P /D 0 ) values using soil water contents that were ±2% of measured values, expressed as shaded areas around the gradient method estimates. redistribution rates. This probably contributed to the lower CO 2 concentrations in loam soil resulting from higher gas diffusivity in conjunction with low nutrient content limiting microbial activity. Silty loam soil had higher organic matter, clay, and silt contents (Table 1) . Initial water additions in silty loam sharply increased the CO 2 efflux during the first few weeks, reaching 6 mmol m −2 s −1 (Fig. 6) . As the soil dried down, in the near-surface, CO 2 efflux gradually decreased to between 2 and 4 mmol m −2 s −1 with incremental additions of water, maintaining near-field-capacity water content values over time. Figure 7 showed a decreasing trend in CO 2 efflux when soil water content exceeded 0.25 cm 3 cm −3 for silty loam. Soils with higher silt and clay contents have finer pores, and the rate of water infiltration is generally slower and more water is retained in those soils. The diffusion of gas through these finer textured soils was slower, leading to greater accumulation of CO 2 deeper in the soil profile (Fig. 3) . The silty clay loam had a higher nutrient content and, as such, was more supportive of the respiration and survival of soil microorganisms, thereby increasing CO 2 production. However, the lower infiltration rate and greater water retention properties lead to higher sustained soil water content within the 0-to 5-cm layer, as well as more significant reductions in efflux just after irrigation for silty clay loam (Fig. 7) . In summary, the dominant mechanisms controlling CO 2 efflux were a combination of air-filled porosity (controlled by volumetric water content) and CO 2 gradient in the top 5 cm of soil. The impact of those mechanisms increased from coarse to finer soil textures. The low organic matter content was probably the dominant control on soil CO 2 efflux in the loam soil. However, for silty loam, a combination of CO 2 production and gas diffusion were the probable controlling mechanisms for CO 2 efflux. Gas diffusion was probably the dominant mechanism for the silty clay loam, which maintained the highest water content. The dominant mechanisms for CO 2 efflux therefore were soil texture dependent, but these varied with soil hydraulic properties and organic matter contents.
Conclusions
This study examined the effect of the soil water dynamics of different soil textures on CO 2 emissions in repacked soil cores subjected to wetting-drying cycles. The gradient method provided acceptable estimates of gas efflux when CO 2 concentration and water content were accurately measured. Soil texture was shown to be a significant contributor to the development of CO 2 concentration gradients and to the diffusion of gas. The CO 2 efflux was primarily controlled by CO 2 production in loam soil, by CO 2 production and gas diffusion in silty loam, and by gas diffusion in silty clay loam soil. We recommend using the gradient method cautiously in coarse-textured soils because it may yield incorrect efflux estimates briefly during and after wetting. The parameters of the SAPHIR model fitted by measured data provided reasonable CO 2 efflux derived using the gradient methods. Optimizing these parameters using the gradient-and chamber-based measurements substantially improved the agreement only in the silty loam soil.
